The physical storage model is one of the key technologies for vehicle navigation maps used in a navigation system. However, the performance of most traditional storage models is limited in dynamic navigation due to the static storage format they use. In this paper, we proposed a new physical storage model, China Navigation Data Format (CNDF), which helped access and update the navigation data. The CNDF model used the reach-based hierarchy method to build a road hierarchal network, which enhanced the efficiency of data compression. It also adopted the Linear Link Coding method, in which the start position was combined with the end position as the identification code for multi-level links, and each link traced up-level links consistently without recording the array of identifications. The navigation map of East China (including Beijing, Tianjin, Shandong, Hebei, and Jiangsu) at 1:10,000, generated using the CNDF model, and the real time traffic information in Beijing were combined to test the performance of a navigation system using an embedded navigation device. Results showed that it cost less than 1 second each time to refresh the navigation map, and the accuracy of the hierarchal shortest-path algorithm was 99.9%. Our work implied that the CNDF model is efficient in vehicle navigation applications.
Introduction
The physical storage format (PSF) of navigation maps is one of the key technologies for vehicle navigation systems. It aims to reconstruct the structure of spatial data to satisfy the requirements of vehicle navigation. Some large companies and organizations have proposed their own PSF used for navigation products (Table 1) .
In this paper, we developed a novel PSF model, i.e., the China Navigation Data Format (CNDF), for spatial data used by dynamic navigation. It uses the linear link coding method, which is effective in saving disk storage for updating real-time traffic information and supports fast hierarchical records mapping. The network model adapted from the LRS&DS algorithm was used by CNDF to code the link of the hierarchical reach-based network model. Our model has the capability of accelerating route planning by using a hierarchical network. It is also able to rapidly map target records to each level of the road network and readjust related records to ensure hierarchical consistency of the model after data updating. Therefore, the dynamic PSF model, CNDF, can be used for incremental updates.
The CNDF has passed the review of the National Standardization Management Committee, and will be officially published as a national standard. The national standard is compiled with the existing standard of ISO 20452, but it also considers specific navigation conditions in China, including the huge amount of data, the fast speed of road construction, the transport rules and regulations, the habits of location names, and the specification of basic data. In Section 2, we illustrate its structure and implementation. Section 3 shows an experiment and the corresponding results using CNDF for navigation maps of East China on a navigation device. Section 4 contains the conclusion. Our work indicated that the CNDF model is efficient for dynamic navigation.
Methodology
In this section, we illustrate the key technologies used for developing the CNDF model, including the physical structure of the spatial data, computing model for route analysis, and the data update mechanism.
The Structure of the CNDF Model

Multi-Scale Grid Index
Spatial data using the CNDF model are clustered by multi-scale grids. All of the grids are indexed by the multi-scale grid (MSG) index. The MSG is made up of groups of level grid indexes (LG) and each LG manages data at a specific scale ( Figure 1 ).
LG is a variant Quad-tree [9] . The grids of LG are divided into four varisized ranks, including a general grid (GG), middle grid (MG), detailed grid (DG), and extended grid (XG). The width (or height) of the grid within the same rank is equivalent. DG is the leaf nodes of LG, and spatial data at a specific scale are clustered into pages by DG. In some places, the data size may overflow, for example, the CBD in large cities. In this case, MSG allows DG to be further partitioned into smaller XGs. For spatial queries, the addresses of target pages can be found by searching the path from GG to DG (even to XG) that cross by query bounds. In this paper, we developed a novel PSF model, i.e., the China Navigation Data Format (CNDF), for spatial data used by dynamic navigation. It uses the linear link coding method, which is effective in saving disk storage for updating real-time traffic information and supports fast hierarchical records mapping. The network model adapted from the LRS&DS algorithm was used by CNDF to code the link of the hierarchical reach-based network model. Our model has the capability of accelerating route planning by using a hierarchical network. It is also able to rapidly map target records to each level of the road network and readjust related records to ensure hierarchical consistency of the model after data updating. Therefore, the dynamic PSF model, CNDF, can be used for incremental updates.
Methodology
The Structure of the CNDF Model
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Spatial data using the CNDF model are clustered by multi-scale grids. All of the grids are indexed by the multi-scale grid (MSG) index. The MSG is made up of groups of level grid indexes (LG) and each LG manages data at a specific scale (Figure 1 ).
LG is a variant Quad-tree [9] . The grids of LG are divided into four varisized ranks, including a general grid (GG), middle grid (MG), detailed grid (DG), and extended grid (XG). The width (or height) of the grid within the same rank is equivalent. DG is the leaf nodes of LG, and spatial data at a specific scale are clustered into pages by DG. In some places, the data size may overflow, for example, the CBD in large cities. In this case, MSG allows DG to be further partitioned into smaller XGs. For spatial queries, the addresses of target pages can be found by searching the path from GG to DG (even to XG) that cross by query bounds. MSG is suitable for a navigation system for three reasons. First, MSG is compact, which does not need to ensure a minimum rectangle boundary (MRB) in leaf nodes (DG or XG). The grid width (or height) of each rank can be calculated by the reference grid (the lowest level DG) using Equation (1) . Secondly, MSG is a high performance index. It regulates β denoted by 2n (n ≥ 0), which avoids the MSG is suitable for a navigation system for three reasons. First, MSG is compact, which does not need to ensure a minimum rectangle boundary (MRB) in leaf nodes (DG or XG). The grid width (or height) of each rank can be calculated by the reference grid (the lowest level DG) using Equation (1) .
Secondly, MSG is a high performance index. It regulates β denoted by 2n (n ě 0), which avoids the float point operation for a spatial query. Further, MSG is close to being balanced. Finally, MSG has a large capacity index. Suppose M represent the capacity of a single LG, where M = α 2ˆβ2ˆγ2ˆm ax page size (MPS). If MPS = 64 KB, and α = β = γ = 16, then M = 1 TB. Therefore, the capacity of MSG is sufficient to manage spatial data covering vast areas.
where w and h represent the width and height of the grid, respectively, and β represents the ratio between two adjacent ranks. Figure 2 illustrates the logical structure of the CNDF model. The spatial data using the CNDF consist of multi-level background data (DB), multi-level road data for display purposes (RD), multi-level road data for route planning (RP), driver guidance data (GD), geocoding data (GC), and land mark data (POI). The management data include the volume manager data (MD), spatial index (SIDX), and attribute index (AIDX). 
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where w and h represent the width and height of the grid, respectively, and β represents the ratio between two adjacent ranks. Figure 2 illustrates the logical structure of the CNDF model. The spatial data using the CNDF consist of multi-level background data (DB), multi-level road data for display purposes (RD), multilevel road data for route planning (RP), driver guidance data (GD), geocoding data (GC), and land mark data (POI). The management data include the volume manager data (MD), spatial index (SIDX), and attribute index (AIDX). All the spatial data are organized and indexed by the MSG index according to their scales. Each leaf node of MSG points to a group of pages defined by a rectangle. Each link of the road network has a unique identity code comprised of the start node tag and the end node tag assigned by the linear link coding (LLC) method. The LLC method is illustrated in Appendix A. In this way, a connotative mapping relationship is built on links in multi-levels representing a road segment.
Applications can trace the records stored in different places based on the hierarchical relationship. LLC does not record the volatile physical address associated with the data, but stores the relationship. Storing a physical address is difficult to maintain the correct topology relationship of the data, since data modification or updates may result in obstacles [10] . The hierarchical mapping relationship between levels is implicated in the LLC code. Compared with the method of storing relationships by recording all identity number of links between upper and lower levels, the CNDF can reduce data redundancy and save disk storage by using LLC.
The data structure of the CNDF is efficient and flexible through adopting the reach based strategy, since the reach metric is heuristic knowledge derived from a mathematical theorem rather than an empirical value. The range of readjustment is evaluated in Section 2.2.3, which proves the time All the spatial data are organized and indexed by the MSG index according to their scales. Each leaf node of MSG points to a group of pages defined by a rectangle. Each link of the road network has a unique identity code comprised of the start node tag and the end node tag assigned by the linear link coding (LLC) method. The LLC method is illustrated in Appendix A. In this way, a connotative mapping relationship is built on links in multi-levels representing a road segment.
The data structure of the CNDF is efficient and flexible through adopting the reach based strategy, since the reach metric is heuristic knowledge derived from a mathematical theorem rather than an empirical value. The range of readjustment is evaluated in Section 2.2.3, which proves the time cost for link updates in CNDF is convergent. Further, the data consistency after the link update can be maintained. Figure 3 demonstrates the physical structure of the CNDF model, including file, page, and block. The file contains the pages. Spatial data and non-spatial data are clustered into pages with different strategies. Spatial data are clustered using varisized grids defined by MSG. Non-spatial data are portioned into pages according to the order of their prime key.
Physical Structure of the CNDF Model
cost for link updates in CNDF is convergent. Further, the data consistency after the link update can be maintained. Figure 3 demonstrates the physical structure of the CNDF model, including file, page, and block. The file contains the pages. Spatial data and non-spatial data are clustered into pages with different strategies. Spatial data are clustered using varisized grids defined by MSG. Non-spatial data are portioned into pages according to the order of their prime key.
Pages are comprised of a page header and several blocks. The page header records necessary information pertaining to the page structure, including the compress flag, block number, and block offset from the beginning of the page. The page header also assigns two address pointers, used to save the previous page and the resultant page. In this way, all pages form a chain, optimizing page insertion under the restriction of maintaining the record order. The first block of the page is the offset table, used to store the offset of each field. The table is updated correspondingly when the field is lengthened. Records in the CNDF are in row order, which is different from other PSFs. Records in row order can avoid the reading of unnecessary fields into the memory. In CNDF, the page size is limited within MPS to 128 KB. 
Route Computing Models of the CNDF Model
Many Studies have focused on the optimal route analysis algorithms suitable for vehicle navigation and most of them rely on a specific topological structure of the road network [11] [12] [13] [14] . For example, the natural road hierarchy network is a kind of topological structure used by hierarchical network models and is popular for navigation applications. However, it requires manual tuning of the data and its performance depends on a delicate trade-off between computing speed and sub optimality of the computed routes. Since the referred classes of roads are artificially defined according to experience, the route search based on natural road hierarchy network can only yield proximate solutions.
The natural road hierarchy networks is also not suitable for dynamic data update. The route search may fail if the data are modified or not maintained. The maintenance operations are therefore Pages are comprised of a page header and several blocks. The page header records necessary information pertaining to the page structure, including the compress flag, block number, and block offset from the beginning of the page. The page header also assigns two address pointers, used to save the previous page and the resultant page. In this way, all pages form a chain, optimizing page insertion under the restriction of maintaining the record order. The first block of the page is the offset table, used to store the offset of each field. The table is updated correspondingly when the field is lengthened. Records in the CNDF are in row order, which is different from other PSFs. Records in row order can avoid the reading of unnecessary fields into the memory. In CNDF, the page size is limited within MPS to 128 KB.
The natural road hierarchy networks is also not suitable for dynamic data update. The route search may fail if the data are modified or not maintained. The maintenance operations are therefore essential for the hierarchical network models using the natural road hierarchy networks. The target of the maintenance operations is to maintain the constraints of the road networks predefined by the models, such as connectivity and searching bounds, since the constraints may be changed or even be invalid if the road network is modified. In addition, there is no mathematic method used to evaluate the performance of the maintenance operations, and the cost, which is unpredictable and expensive, becomes a tremendous obstacle for dynamic data updates.
Therefore, we constructed the reach-based hierarchical network, inspired by the reach-based heuristic route search algorithm. In the following section, we define the reach-based hierarchical network and propose a shortest-path analysis algorithm based on the network, and also discuss the scope evaluation of the readjustment.
The Reach-Based Hierarchical Network
The mathematic definition of reach was given by [15, 16] . By computing the reach value of each link of the input road network, the reach values can be partitioned into sequence groups using Equation (2) . The road network in the ith level is reconstructed by links where r(e) ě r i min , and it is simpler than that in the (i-1)th level. Part of the records in a level are used to save the relationship with the corresponding records in its upper level. In this way, multi-level topology is built up.
where RL represents the sequence groups-defined levels; R i represents the group of the reach value in level i; r i min and r i max represent the minimum and maximum reach values, respectively, in level i; and r(e) represents the reach value of link e.
The route search using the reach-based hierarchical model is more effective than the single-level model-assigned reach values as hieratic information, since the number of links decreases sharply with increasing levels. It is very useful for navigation devices with low speed CPU and limited memory. The designation of RL is important for model optimization. The redundancy of the navigation map is directly proportional to the total number of levels. However, the convergence speed of the algorithm is diversely proportional to the difference between r i min and r i max .
The Reach-Based Hierarchical Shortest-Path Algorithm
Searching in a single level in the reach-based hierarchical shortest-path (RHSP) algorithm is similar to that in Dijkstra's algorithm. In Dijkstra's algorithm, the shortest-tree is grown to contain the shortest paths from the start node to all other nodes. During the growing process, each node is marked with "Unfound", "Found", or "OnPath". Table 2 shows the two phases of the multi-level search, i.e., the upward search and the downward search. The upward search is the first phase, which can be implemented according to pseudo code shown in line (3) to line (15) in Table 2 . In the upward search, the reach bounds increase iteratively, so all the nodes with b i ě r(v) ě m(s, v, P) 1 can be guaranteed to be marked in the ith level of the road network, in the worst situation. The downward search is the second phase, which can be implemented according to the pseudo code shown in line (16) to (26) in Table 2 . In the downward search, the reach bounds decrease iteratively; all nodes with b i ě r(v) ě d(v, t) 2 can be guaranteed to be marked in the ith level of the road network, in the best situation. We can deduce the properties that result in optimal RHSP. All nodes on P must be marked "OnPath" by RHSP. Given the node list V < v 1 , v 2 , v 3 . . . v n > on P, V can be divided into two subsets: V 1 = {u| r(u, P) = m(s, u, P)} and V 2 = {v| r (v, P) = m(v, t, P)}. In V 1 , for r(u, P) ď r(u), we have m(s, u, P) ď r(u). Similarly in V 2 , for d(v, t) ď m(v, t, P), we have d(v, t) ď r(v). Therefore, the nodes of V 1 can be marked in the upward search and the nodes of V 2 can be recorded in TT first and then marked in the downward search.
All nodes that are not marked by RHSP must be not on path P. Suppose that node w on P is not marked by RHSP, so that m(s, w, P) > r(w) and d(w, t) > r(w). Since r(w) < Min {m(s, w, P), d(s, w, t)} ď {m(s, w, P), m(w, t, P)} = r(w, P), which conflicts with r(w) ě r(w, P), so w does not exist. Therefore, the result of RHSP is optimal. Compared to searching in the bottom level, the RHSP algorithm reduces the "ExtraMin" time in searching in the higher level, since nodes with little reach are abstracted in the bottom level.
In addition, the memory cost of RHSP can also be evaluated. Suppose that M i is number of the nodes located in the cycle with radius equal to the reach bound of level i, and N is the number of nodes in the upper level of level i, so the node number of the upper bound inserted to Heap (i.e., O(C)) can be calculated by Equation (3) .
The Scope Evaluation of Readjustment
The route distance is considered as the classification parameter in the reach-based hierarchical network. The road network is assumed as a planar graph. Given link (u, v) with m(u, v) ě d(u, v), where d(u, v) is the Euclidean distance between two nodes and m represents the route length from link u to link v, we can deduce the property below.
The e(u, v) and e'(u', v') exist and satisfy r(e) < r i max and d(e', e) > r i max . If the cost of e' changes and r(e) remains unchanged, then d(e', e) is the minimum value in {d(u, v'),
According to the definition of reach, given a directed graph G = (V, E) with positive weights, path P of G starting at node s and ending at node t, and node v on path P, we can infer that the reach of v on P (i.e., r(v, P)) is the minimum of {m(s, v, P), m(v, t, P)}, and the reach of v in G (i.e., r(v, G)) is the maximum of r(v, Q), where Q is set of least-cost paths cross node v, and the reach of link e (u, v) is minimum of {r(u), r(v)}.
If e' R Q(e) after the cost of e' is changed, then the reach of e is not affected by the cost of e'; If e' P Q(e) after the cost of e' is changed, it must be the maximum cost path P(s, t) of Q(e) so that e', e P P, assume that m(v, t) = m(v, u', P) + m(u', t, P). Because m(v, t) ě d(e', e) > r i max , m(v, t) ě r i max . Then, as r(e) < r i max , r(e) = r(u) = m(s, u) < m(u, t). Even if the cost of e' has changed, it still satisfies m(v, t) ě d(e', e) > r i max . Therefore, r(e) equals r(u) is still unchanged. Assume that m(u, t) = m(s, v', P) + m(v', u, P) ; the proof is the same as the above description. Therefore, the cost of e' changes, r(e) is unchanged.
According to the property, the affection scope of the link change is bound by the reach of the level. Therefore, the readjustment link set is defined and synchronously changes the reach value, when the cost of link e changes with UE(e), where UE = {e' | d(e', e)< r i max } (Figure 4 ). The down-up readjustment operation of RHSP is implemented using an iterative algorithm. In a single layer, the reach value of each link around the modified link e satisfying d(e', e) < r i max is recomputed. If the reach of the link increases and exceeds r i max (one of the layer's reach bounds) after adjusting, the link is copied to the layer's upper layer. If the reach of the link decreases and drops below r i´1 max (one of the layer's reach bounds), the link is assigned to the layer's lower layer.
m(v, t) ≥ d(e', e) > r i max . Therefore, r(e) equals r(u) is still unchanged. Assume that m(u, t) = m(s, v', P) + m(v', u, P)
; the proof is the same as the above description. Therefore, the cost of e' changes, r(e) is unchanged.
According to the property, the affection scope of the link change is bound by the reach of the level. Therefore, the readjustment link set is defined and synchronously changes the reach value, when the cost of link e changes with UE(e), where UE = {e' | d(e', e)< r i max } (Figure 4) . Compared with the hierarchal network artificially defined based on road natural class, the reach-based hierarchical road network (RHN) is consistent due to the readjustment operation after road data updates. Suppose that the time cost of readjustment is O(Σ|UE i |), and |UE i | is the number of link satisfying d (e', e) < r i max . The reach bound increases with levels, but the size of the whole network decreases. Therefore, O(Σ|UE i |) can be described as O(N¨C), where N is the total number of RHN, and C is the minimum constant with C ě |UE i |. That is to say, the readjustment operation is convergent.
Data Update Mechanism of the CNDF Model
An incremental data update method is used to update local navigation maps when a new data version is received. If a single level of the road network is modified, other levels must be changed to maintain consistent data due to the multi-level design of the network. Therefore, the update methods for navigation data should take into account not only the efficiency of the update mechanism, but also the consistent maintenance after the data update.
The Update Mechanism for Navigation Data
The page is the basic element for the data update. The page is loaded into the memory first, and will be partitioned if its size exceeds the MPS. Then, it is modified and rewritten back to the disk. When being written back to the disk, the modified new page must be inserted into the page chain.
A real-time data update mainly invokes a field update ( Figure 5 ). In most popular page-based models, the length of the field is generally fixed. For a field with fixed length, it only needs to refresh the value of the selected field in the record pointed by the offset table in the page. However, a different strategy is adopted for fields with variable lengths. If the field length exceeds the current field length after the field update, the updated field will be appended to the tail of the right block and the offset table will also be refreshed. In the offset table, "OxFFFF" is a prescriptive tag, representing the field with NULL value. ), where N is the total number of RHN, and C is the minimum constant with C ≥ |UEi|. That is to say, the readjustment operation is convergent.
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A real-time data update mainly invokes a field update ( Figure 5 ). In most popular page-based models, the length of the field is generally fixed. For a field with fixed length, it only needs to refresh the value of the selected field in the record pointed by the offset table in the page. However, a different strategy is adopted for fields with variable lengths. If the field length exceeds the current field length after the field update, the updated field will be appended to the tail of the right block and the offset table will also be refreshed. In the offset table, "OxFFFF" is a prescriptive tag, representing the field with NULL value.
OxFFFF
Field offset For models used for spatial data management, it is essential for the data update to first skip the overflow page and then adjust the index tree. In this way, the integrity of the spatial index is maintained, but the computing cost is very expensive. However, it is not suitable for updating navigation maps, due to the small size of the data to be updated and the low update frequency. New For models used for spatial data management, it is essential for the data update to first skip the overflow page and then adjust the index tree. In this way, the integrity of the spatial index is maintained, but the computing cost is very expensive. However, it is not suitable for updating navigation maps, due to the small size of the data to be updated and the low update frequency. New version releases of navigation map patches may take several months. Therefore, the CNDF model does not follow this method.
In the CNDF model, if the page overflows after inserting records, the new page containing redundant records will be hooked at the back of the current page ( Figure 6 ). When querying the grid, all pages indexed by the grid (i.e., page 0, page 1, and page 2) are loaded into memory at the same time. It is unnecessary to rebuild the spatial index that cuts off the time cost of the index update, and it is impossible for navigation map patches to concentrate in small number of grids. In this way, the number of pages indexed by each grid will not increase sharply, and the query speed of MSG will not distinctly slow down. the number of pages indexed by each grid will not increase sharply, and the query speed of MSG will not distinctly slow down. 
The Maintenance Process for Navigation Data
Data using a multi-level storage pattern are usually redundant. The identity records in each level must be modified simultaneously when updating the original record. The maintenance process means that navigation data, especially the road network, should be consistent after being updated. The first step in the maintenance process is to trace the identity records in each level, and modify them simultaneously when updating the original record. The second step is to change the records related to the updated ones in each level. For example, once the client receives the information that traffic cost of links has changed, the links of UE must readjust their reach values to maintain the consistency of the whole RHN. The hieratical mapping is the key technology for tracing the identity record set.
Experiment and Results
The navigation map for East China (including Beijing, Tianjin, Shandong, Hebei, and Jiangsu) was used in our experiment. It was built completely using the CNDF model with road classified by the reach metric. Table 3 shows the comparison of the number of links between the natural hierarchy and the reach hierarchy. To simulate the real vehicle navigation applications, an embedded system was used for our experiment, and the device information is shown in Table 4 . 
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Conclusion
A dynamic storage model is very important for vehicle navigation applications. In this paper, we developed a new physical storage format, China Navigation Data Format (CNDF), based on the multi-scale grid index, the reach-based hierarchy approach, and the linear link coding algorithm. 
Conclusions
A dynamic storage model is very important for vehicle navigation applications. In this paper, we developed a new physical storage format, China Navigation Data Format (CNDF), based on the multi-scale grid index, the reach-based hierarchy approach, and the linear link coding algorithm. Therefore, the CNDF model has a hierarchical and page based structure. It is also a dynamic physical storage format, and the spatial navigation data built by CNDF can be modified in an incremental way. The navigation map of East China built completely using CNDF and the real-time traffic information were used for an embedded navigation system to test the performance of CNDF. Results showed that the time cost, memory cost, and disk storage were dramatically saved. The CNDF would be suitable for the next generation navigation with an intelligent transportation system. However, the hierarchal road network topology update was not considered for the CNDF, which will be studied in further work. 
